The intracellular localization of several aspartate pathway enzymes has been studied in pea (Pisum sativum cv Feltham First) and barley (Hordeum vulgare cv Julia) leaves. Protoplast lysates were fractionated by differential or sucrose density gradient centrifugation, in media optimized for each enzyme. The results show that aspartate kinase, homoserine kinase, threonine synthase, and cystathionine y-synthase are confined to the chloroplast. Cystathionine ,-lyase appears to be present in several fractions, though more than 50% of the total activity is associated with the chloroplasts. In contrast, neither methionine synthase nor methionine adenosyltransferase were significantiy associated with chloroplasts, and only a small proportion of the methionine synthase was associated with the mitochondrial fraction. Methionine adenosyltransferase, and hence S-adenosylmethionine synthesis, is not found in any organelle fraction. The conclusion is that whereas threonine, like lysine, is synthesized only in the chloroplast, the last step in methionine biosynthesis occurs largely in the cytoplasm.
The nutritionally essential amino acids, lysine, threonine, methionine, and isoleucine, are synthesized from aspartate. Efforts to improve the nutritional quality of cereal (deficient in lysine and threonine) and legume (deficient in methionine) seeds (20) have made it important to understand fully the aspartate pathway and its regulation in vivo. Part of this understanding involves the determination of where in plant cells these reactions occur. Isolated, intact pea chloroplasts synthesize lysine, threonine, isoleucine, and possibly methionine from ["4C]aspartate (16) , and this light-stimulated synthesis is regulated by exogenous amino acids in a manner consistent with the properties of the isolated enzymes. The first and last enzymes unique to lysine biosynthesis have been found wholly within the chloroplast (26, 28) and other enzymes of the pathway have been demonstrated in chloroplast extracts (see 8 for review). Some enzymes of the pathway have been reported to be outside the chloroplast, at least in part: homoserine dehydrogenase (EC 1.1.1.3) in the cytoplasm (18) , methionine synthase (EC 2.1.1.13), and methionine adenosyltransferase (EC 2.5.1.6) in the mitochondria (9) . This latter enzyme synthesizes S-adenosylmethionine, which acts as a feedback regulator of aspartate kinase (EC 2.7.2.4) (17) and threonine synthase (EC 4.2.99.2) (15) and which can be regarded as the end product of the methionine branch of the pathway. The use of protoplasts as a source of organelles for localization studies has proved superior to mechanical homogenization techniques, leading to much higher recoveries of intact chloroplasts, mitochondria, and microbodies (27) . We have previously used pea and barley leaf protoplasts to study the distribution of homoserine dehydrogenase (19) (27, 29) .
Protoplast Isolation. Protoplasts from 5 to 12-d-old barley leaves and 15 to 25-d-old pea leaves were prepared as described previously (27, 29) . Purification and wash media were made up in 25 mm Tricine, pH 7.5, 1 mM MgSO4, 0.1% (w/v) BSA (buffer A) with the additions shown in Table I . The crude protoplast pellet was resuspensed in 0.5 M sucrose, 15% (v/v) Percoll in buffer A, and 5 ml of this suspension in a 12 x 1.5-cm centrifuge tube was overlaid with 2 ml 0.5 M sucrose, 10%0 (v/v) Percoll and 3 ml 0.5 M sorbitol, both in buffer A. After centrifugation at 300g for 5 min, intact protoplasts were collected from the upper interface, diluted with 0.5 M sorbitol, and collected by low speed centrifugation. The pellet was resuspended in a small volume of 0.5 M sorbitol and the protoplasts were ruptured by four passes through a 20-p,m mesh nylon net on the tip of a syringe. Organelles were fractionated by differential centrifugation at 4,000g for 1 min and l0,OOOg for 30 min. Pellets were resuspended in buffer and aliquots were treated with Triton X-100 (0.05% [v/v] final concentration) before desalting on 6 x 0.8-cm columns of Sephadex G-25 equilibrated with the appropriate buffer (Table I) . Alternatively, 5 ml of protoplast lysate were layered onto a sucrose density gradient and centrifuged, the gradient and centrifugation protocol being those described previously (27) . Fractions, 2.5 ml, were collected by upward displacement.
Enzyme Assays. Aspartate kinase was assayed by the method of Aarnes and Rognes (4). Homoserine kinase was assayed by a modification of the method of Aarnes (1) After drying, areas of the paper containing the product were cut out and radioactivity was measured in a liquid scintillation counter. For threonine synthase, products were alternatively separated by paper chromatography in n-butanol/acetone/diethylamine/H20 (10:10:2:5). This system separates homoserine from threonine; under the reaction conditions used, insignificant amounts of homoserine were produced from labeled P-homoserine. Cystathionine synthase was assayed by the method of Aarnes (3) using [14C]-P-homoserine. Products were separated by electrophoresis in 0.4 M formic aid containing 2 ml L-1 8-mercaptoethanol. Cystathionine lyase was assayed after (NH4)2SO4 precipitation (0-50% saturation) of the fractions, and desalting the redissolved pellet on Sephadex G-25. The coupled assay of Giovanelli and Mudd (13) was used. Methionine synthase was assayed by the method of Clandinin and Cossins (9) . Fumarase, Cyt c oxidase, catalase, and Chl were assayed as described previously (27) . Nitrite reductase was assayed by the method of Vega et al. (25) and Cyt c reductase by the method of Tolbert (24) .
RESULTS
The distribution of aspartate kinase activity between the lysed protoplast fractions is shown in Table II and compared with marker enzymes for chloroplasts (nitrite reductase), microbodies (catalase), and mitochondria (Cyt c oxidase). In both pea and barley leaf protoplasts, the proportion of aspartate kinase in the 4000g pellet is very similar to the proportion of nitrite reductase, which has been shown to be wholly in the chloroplast (27) , though rather less than that of Chl. The 4000g pellet has less than 6% of the total catalase, Cyt C oxidase, or fumarase (data not shown), another mitochondrial marker. Overall recovery for all the enzymes was between 80 and 112% of the activity in the original protoplast lysate, and mixing experiments did not indicate the presence of any inhibitors or inactivators of aspartate kinase. From these experiments, it is concluded that in vivo aspartate kinase is confined to the chloroplast. Table III shows the results of similar experiments with homoserine kinase and threonine synthase. Overall recovery for both enzymes was 90 to 110% as shown, and in these and all subsequent experiments, mitochondrial and microbody contamination of the 4000g pellet was essentially the same as that shown in Table IIA . Recovery of both enzymes in the 4000g pellet is essentially the same as that for nitrite reductase, again suggesting an in vivo location in the chloroplast alone. Threonine synthase was assayed in the presence of SAM, which gave a 12 to 20-fold stimulation of activity in both pea and barley, as shown previously (15, 22) .
The results for cystathionine rsynthase follow essentially the same pattern (Table IV) , again indicating a chloroplast location for the enzyme. The pattern for cystathionine -lyase is rather different, however. Up to 60%o of the total activity could be found in the 4000g pellet, but there was significant activity in both the lO,OOOg pellet and the supernatant, considerably more than the proportion of nitrite reductase in these fractions. We did not undertake detailed substrate specificity studies to distinguish between cystathionne lyase and other C-S lyases. However, preliminary experiments showed that the enzyme in all fractions was active with djenkolic acid at similar rates to those found for cystathionine.
Methionine synthase was mostly recovered in the supernatant, although some activity was associated with the 10,000g pellet. Similarly, almost 90%o of the methionine adenosyltransferase was recovered in the supernatant. For this latter enzyme, sucrose density gradient fractionation was used to give a clearer separation of organelles, in order to determine whether activity was truly associated with mitochondria or chloroplasts. Some problems were experienced in obtaining reproducible results, and it became clear that both the assay and the subsequent electrophoresis had to be performed as rapidly as possible to keep background radioactivity in the SAM down to acceptable levels. This between fractions 7 and 13. In no case was a clearly defined peak of activity found to coincide with any of the marker enzymes, suggesting that enzyme activity was not associated with intact chloroplasts, mitochondria, or microbodies.
The methionine adenosyltransferase assay used required long incubation times with what are essentially crude leaf extracts. It is thus possible that activity could be seriously underestimated in some fractions due to further metabolism or degradation of SAM. The overall recoveries obtained, and the results of mixing experiments, gave no indication of a serious problem, but the stability of SAM in the reaction conditions was studied as an additional control.
[3H]SAM, (10 ,uCi) was incubated in the standard reaction mix (without [mS]Met) with 40 ,ul ofeach barley protoplast fraction for 45 min at 30°C. The reaction was stopped and the products were separated and counted as for the standard assay. Results are shown in Table V. In the absence of extracts, the [3H]SAM was stable, and neither 4000g nor 10,000g pellet showed evidence of appreciable SAM degradation. Lowest recovery was found with the supernatant fractions, but was still in excess of 75%. Thus, it is very unlikely that activity in any fraction is being significantly underestimated. These results taken together suggest that methionine adenosyltransferase is not associated with any organelle and is a soluble cytoplasmic enzyme.
DISCUSSION
The results presented here and earlier work (26, 28) indicate that in green leaves the enzymes responsible for the synthesis of lysine and threonine from aspartate are confined to the chloroplast in green leaves. The second enzyme of the pathway, aspartatesemialdehyde dehydrogenase (EC 1.2.1.1 1), has not yet been fully localized, but has been demonstrated in chloroplast extracts (Verbruggen and Wallsgrove, unpublished). Although the nonregulatory isoenzyme of homoserine dehydrogenase is cytoplasmic (18), it is not thought to be involved in homoserine synthesis. It would thus seem that the light-stimulated synthesis of lysine and threonine from aspartate in chloroplasts (16) is the sole source of these amino acids in the leaf cell.
For methionine and SAM synthesis, the situation is more complex. Cystathionine synthase is chloroplast located, as is the bulk of the cell's cystathionine lyase. However, the enzymes responsible for further metabolism of homocysteine to methionine and SAM cannot be shown in the chloroplast, in contrast to an earlier report (19) . The inability of plastids to synthesize SAM has also been found in studies of Chl biosynthesis. In isolated cucumber etioplasts, methylation of Mg-protoporphyrin IX is dependent on exogenous SAM, and this requirement cannot be met by methionine + ATP (12) . Earlier suggestions that the mitochondria contained the enzymes necessary for the final steps of methionine and SAM synthesis (9) cannot be confirmed. From our results, it is possible that mitochondria have some capability to methylate homocysteine, but it is clear that they contain no methionine adenosyltransferase activity. This enzyme and methionine synthase would appear to be cytoplasmic enzymes, though it should be noted that in our system we cannot differentiate between cytoplasmic and vacuolar constituents. Figure 2 shows the suggested localization of the aspartate pathway in green leaves. All the enzymes necessary for lysine, threonine, and homocysteine biosynthesis are contained in the chloroplast, which is also the site of the incorporation of inorganic sulfur into cysteine (14) . The three arrows for aspartate kinase in Figure 2 represent the three isoenzymes present, at least in barley, two sensitive in lysine + SAM and one threonine sensitive (7). We have not carried out detailed inhibition studies on the protoplast fractions, but there is no indication that any of these isozymes is outside the chloroplast. Although cystathionine synthase is on a branch point of the pathway, there is no evidence of feedback regulation of this enzyme (3) , in contrast to DHDP synthase, threonine synthase, and homoserine dehydrogenase. As homocysteine is effectively the end product for the chloroplast, it could possibly act as a feedback regulator for this enzyme, but we could find no inhibition of cystathionine synthase by up Figure 2 is the recycling of SAM, either via homocysteine after methyl donation or via methylthioribose in ethylene and polyamine synthesis (5, 30) . Due to the action of these cycles, the demand for net methionine synthesis from aspartate is essentially restricted to that required for protein synthesis.
Transport of amino acids across the chloroplast membranes is very important: lysine and threonine must be moved out to sites of extrachloroplastic protein synthesis and methionine transported in for chloroplast protein synthesis (especially significant in the young, greening leaf cell). Studies with isolated chloroplasts have shown that exogenous methionine is readily incorporated into chloroplast protein (10) and that exogenous lysine and threonine enter the regulatory metabolic pools inside the chloroplast (16) . In addition, SAM must rapidly equilibrate across the chloroplast membranes to gain access to its regulatory sites. The studies on etioplasts already quoted show that SAM does enter these organelles (12) .
Chloroplasts, and probably plastids in general, have a central role in the synthesis of the nutritionally essential amino acids. In addition to the aspartate-derived amino acids, the aromatic amino acids (6, 11) and isoleucine (16) 
